N-myristoylation is a crucial irreversible eukaryotic lipid modification allowing a key subset of proteins to be targeted at the periphery of specific membrane compartments. Eukaryotes have conserved N-myristoylation enzymes, involving one or two N-myristoyltransferases (NMT1 and NMT2), among which NMT1 is the major enzyme. In the postembryonic developmental stages, defects in NMT1 lead to aberrant cell polarity, flower differentiation, fruit maturation, and innate immunity; however, no specific NMT1 target responsible for such deficiencies has hitherto been identified. Using a confocal microscopy forward genetics screen for the identification of Arabidopsis thaliana secretory mutants, we isolated STINGY, a recessive mutant with defective Golgi traffic and integrity. We mapped STINGY to a substitution at position 160 of Arabidopsis NMT1 (NMT1A160T). In vitro kinetic studies with purified NMT1A160T enzyme revealed a significant reduction in its activity due to a remarkable decrease in affinity for both myristoyl-CoA and peptide substrates. We show here that this recessive mutation is responsible for the alteration of Golgi traffic and integrity by predominantly affecting the Golgi membrane/cytosol partitioning of ADPribosylation factor proteins. Our results provide important functional insight into N-myristoylation in plants by ascribing postembryonic functions of Arabidopsis NMT1 that involve regulation of the functional and morphological integrity of the plant endomembranes.
INTRODUCTION
The acquisition of cotranslational and posttranslational modifications on proteins is fundamental for the function of a large portion of the eukaryotic proteome. Protein N-myristoylation (MYR) is one of the most critical lipid modifications, and it is catalyzed by myristoyl CoA:protein N-myristoyltransferases (NMTs) (Giglione et al., 2004; Meinnel et al., 2006) . Protein MYR is necessary to target crucial proteins to membranes; most of the time, such proteins belong to signal transduction cascades, including G proteins (Resh, 1999) . MYR implies the irreversible addition of a saturated C:14 to an N-terminal Gly of some proteins (2 to 4%) after their N-terminal Met removal (Johnson et al., 1994; Martinez et al., 2008; Meinnel and Giglione, 2008) . MYR occurs mostly cotranslationally, although a few cases of posttranslational MYR have also been reported (Wilcox et al., 1987; Glover et al., 1997; Martin et al., 2011) . Lower and higher eukaryotes share very similar MYR enzyme systems, involving one or two NMTs (NMT1 and NMT2), among which NMT1, the major enzyme, has been studied in many organisms (Johnson et al., 1994; Bhatnagar et al., 2001; Pierre et al., 2007) . Interspecies studies of various NMTs indicate that they share common characteristics, although they are not completely redundant because of distinctive peptide substrate specificities (Heuckeroth et al., 1988; Towler et al., 1988; Rajala et al., 2000; Farazi et al., 2001a; Pierre et al., 2007) . For instance, compared with animals and fungi, plants have a higher number of N-myristoylated (MYRed) proteins (Martinez et al., 2008) , suggesting that plants have widely adopted this modification most likely through evolution-dependent gene duplications. This makes the plant MYRed targets more frequent than other eukaryotes.
Complete inactivation of NMT1 genes has been shown to impair cell viability in protists and worms (Duronio et al., 1989; Kamath et al., 2003; Price et al., 2003 Price et al., , 2005a and to affect early embryonic development in higher eukaryotes, including animals and plants (Ntwasa et al., 2001; Yang et al., 2005; Pierre et al., 2007) . In Arabidopsis thaliana, using trans-kingdom complementation experiments in the nmt1-1 null background and in vitro substrate specificity of orthologous NMTs, it was shown that NMT1 defects of the shoot apical meristem development were directly linked to a unique target in the myristoylome: the protein kinase SnRK1 (Pierre et al., 2007) . Depending on the organism, alteration of NMT expression or activity has also been shown to be tightly associated with several types of tumor progression or with aberrant postembryonic defects. In plants, a low level of Arabidopsis NMT1 impairs flower differentiation, fruit maturation, fertility, and innate immunity (Pierre et al., 2007) and induces dwarf phenotypes (Qi et al., 2000) . The molecular bases of these phenotypes (i.e., the NMT primary targets that are responsible for the absolute requirement of NMT for cell growth at postembryonic stages) are unknown. The diversity of the observed phenotypes suggests that specific NMT target proteins are potentially involved in different processes involving lipid modification.
Here, we report the characterization of a partial loss-offunction of NMT Arabidopsis NMT1 identified through a confocal microscopy-based forward genetics screen aimed at identifying alleles related to the secretory pathway in 10-d-old cotyledons of Arabidopsis seedlings. The mutant bears a single base pair substitution in the NMT1 coding sequence, which is responsible for the transition of an Ala to Thr residue in position 160 corresponding to the catalytic region of NMT1 (NMT1A160T). In vitro kinetic studies with the purified mutated form NMT1A160T enzyme revealed significant reduction of its activity due to a strong decrease in the affinity for both myristoyl-CoA and substrate peptides. These data are supported by modeling the substitution on the Arabidopsis NMT1 three-dimensional structure. Despite a reduced in vitro activity, no massive differences were observed when the whole soluble and membrane proteome of the STINGY mutant was compared with that of the wild type, suggesting that the partial loss of function of NMT1A160T enzyme does not affect the whole set of MYRed proteins, the socalled myristoylome. We show here that this recessive mutation is responsible for the alteration in Golgi traffic and integrity by predominantly affecting the Golgi membrane/cytosol partitioning of ADP-ribosylation factor (Arf) proteins. Our results provide important functional insight into MYR in plants by ascribing postembryonic functions of Arabidopsis NMT1 that involve regulation of the functional and morphological integrity of the plant endomembranes.
RESULTS

Isolation of STINGY through a Confocal Microscopy Screen of Ethyl Methanesulfonate-Mutagenized Arabidopsis Seedlings Expressing SEC-RFP
To identify regulatory factors in secretion, we performed a confocal microscopy-based forward genetics screen on Arabidopsis Columbia-0 (Col-0) ethyl methanesulfonate (EMS) mutants expressing the secreted (SEC)-red fluorescent protein fusion (Col-0/SEC-RFP). This is a bulk-flow reporter based on a fusion of monomeric red fluorescent protein 1 (mRFP1; Campbell et al., 2002) fused to the cleavable sporamin signal peptide, which accumulates in the apoplast in nonmutagenized Col-0 background (Figure 1 ) (Faso et al., 2009b) . The aim of the screen was to identify key regulators of constitutive secretion mutants by scoring individuals with the marker partially retained within the epidermal cells of cotyledons. We screened 60 M2 seedlings collected from each of 303 M1 SEC-RFP lines. One of the mutants that we identified and named STINGY showed partial accumulation of SEC-RFP inside globular intracellular structures compared with nonmutagenized Col-0/ SEC-RFP (Figure 1 ). With the exception of a late flowering phenotype, STINGY did not show obvious defects in plant growth and development under normal growth conditions (see Supplemental Figure 1 online).
STINGY Has Defects in Endoplasmic Reticulum/Golgi Traffic
To establish the nature of the intracellular structures highlighted by SEC-RFP in STINGY, we crossed the mutant with Col-0 stably expressing the soluble endoplasmic reticulum (ER) lumen marker GFP-HDEL (i.e., sporamin signal peptide fused to green fluorescent protein [GFP] bearing the ER retention signal for soluble proteins; Brandizzi et al., 2003;  Figure 2A) . Analyses of the F2 segregants showed that the GFP-HDEL fluorescence overlapped with the intracellular SEC-RFP structures ( Figure 2B ), suggesting that the aberrant structures observed in the mutant are a modified ER network in which SEC-RFP is partially accumulated. To test whether the structures are interconnected or represent fragmented ER, we performed fluorescence recovery after photobleaching (FRAP) analyses of GFP-HDEL in STINGY with the expectation that recovery of fluorescence in the bleached areas would occur only if the structures were not isolated. Indeed, we found recovery of fluorescence within the bleached regions ( Figure 2C ), indicating that the aberrant structures labeled by SEC-RFP and GFP-HDEL belong to morphologically altered tubules within a modified ER network. The accumulation of soluble secretory proteins in the aberrant ER structures suggested the occurrence of defects in ER/Golgi traffic that could lead to partial retention of SEC-RFP in the ER. To test for traffic defects, we analyzed F2 segregants showing the STINGY phenotype derived from crosses of STINGY with Col-0 stably expressing either the Golgi marker G-YK (i.e., a yellow fluorescent protein [YFP] fusion to the Glycine max mannosidase I; Nelson et al., 2007) or the tonoplast marker VAC-YFP (a YFP fusion to a g-tonoplast intrinsic protein; Nelson et al., 2007) . Compared with the respective nonmutagenized Col-0 controls ( Figures 3A and 3C ), we found that in STINGY, G-YK and VAC-YFP signals surrounded the intracellular SEC-RFP structures ( Figures 3B and 3D ), which are part of an aberrant ER network (Figure 2 ). Together, these results confirm that the STINGY globular structures belong to a modified ER network and indicate that ER/Golgi traffic is partially disrupted in STINGY. SEC-RFP localizes to the apoplast in Col-0/SEC-RFP (arrow); however, in the STINGY mutant (STINGY/SEC-RFP), SEC-RFP localizes also in intracellular globular structures (arrowhead). Inset: magnified area of the main image. Bars = 5 mm; bar in the inset = 1 mm.
The Number and Velocity of Golgi Stacks Are Reduced in STINGY Compared with the Wild Type Next, we aimed to test whether STINGY had defects in other aspects of the biology of the Golgi apparatus besides traffic. The plant Golgi is composed of a large number of dispersed and polarized stacks that are motile (Boevink et al., 1998; Faso et al., 2009a) . To test whether these features were compromised in STINGY, we compared the number and velocity of Golgi stacks between STINGY and the wild type. To do so, we first estimated the number of Golgi stacks in cotyledon epidermal cells of STINGY and nonmutagenized seedlings expressing the Golgi marker ST-GFP (Boevink et al., 1998) . We found that in the mutant, the number of Golgi stacks was reduced compared with the wild type ( Figure 4A ). Then, to compare the velocity of the Golgi stacks between STINGY and the wild type, we performed time-lapse confocal microscopy on cortical regions of cotyledon epidermal cells and measured the average and maximal velocity of the stacks, as described earlier (Stefano et al., 2012b) . We found that compared with the wild type, the velocity of the Golgi stacks in STINGY was largely reduced (Figures 4B and 4C) .
These data indicate that STINGY has defects both in secretory traffic as well as in Golgi number and movement.
STINGY Is Allelic to Arabidopsis NMT1
To identify the mutation responsible for the abnormal phenotype, we crossed STINGY with Landsberg erecta (Ler) to generate a mapping population that was used for rough mapping with a GeneChip Arabidopsis ATH1 genome array strategy (Borevitz, 2006; Stefano et al., 2012a Stefano et al., , 2012b ) (see Methods). The mutation was mapped on chromosome 5 between 22.9 and 24.6 Mb. Subsequently, we sequenced the genomic DNA of STINGY by next-generation sequencing, as described earlier (Marti et al., 2010; Stefano et al., 2012a Stefano et al., , 2012b . Within the rough-mapped region, we identified only one typical G/C to A/T EMS transition (Maple and Møller, 2007) . The mutation mapped to a GCT-to-ACT transition in the At5g57020 locus, which results in a missense mutation and an amino acid switch from an Ala residue to a Thr residue (A160T) at a transcriptional level ( Figure 5A ). The locus encodes NMT1. The Ala residue in position 160 corresponds to a Gly in a conserved region of the catalytic domain of the human NMT1 (see Supplemental Figure 2 online). To confirm that the identified mutation was indeed responsible for the STINGY phenotype, we stably transformed either NMT1 or NMT1A160T into the STINGY background and found that only wild-type NMT1 complemented the STINGY phenotype ( Figures 5B and 5C ). We also established that wild-type NMT1 complemented the late flowering phenotype of STINGY (see Supplemental Figure 1 online) in line with previous reports showing that low levels of NMT1 impair flower differentiation (Pierre et al., 2007) and create a whole dwarf phenotype (Qi et al., 2000) . Furthermore, we established that wild-type NMT1 rescued a verified sensitivity of STINGY to salt stress (see Supplemental Figure 3 online), which is consistent with our proteomic analysis showing a downregulation of a pool of Myred and Paled calciumdependent protein kinases (CDPKs) in the STINGY mutant (see below). Furthermore, we also analyzed the distribution of nonmutagenized Col-0/SEC-RFP seedlings treated with 2-hydroxymyristic acid (HMA), a potent inhibitor of Nmyristoyltransferases (Paige et al., 1990) . We found defects in the subcellular distribution of SEC-RFP that strongly resembled the phenotype of STINGY ( Figure 5D ). Together with the complementation of the flowering delay and salt sensitivity of STINGY by NMT1 (see Supplemental Figures 1 and 2 online), these data indicate that STINGY is linked to a partial loss-of-function allele of NMT1. Based on the observed traffic phenotype, we propose that NMT1 is involved in membrane traffic in seedlings. To further support this hypothesis, we aimed to identify NMT1 targets in the secretory pathway by analyzing gene coresponse analyses. Genes with similar expression profiles are more likely to encode functionally interacting proteins than are random pairs (Alabadí et al., 2001) . Therefore, we hypothesized that genes with products having biological activity in highly coordinated processes would significantly correlate with NMT1. To proceed with this approach, we used ARANET (http://www.functionalnet.org/ aranet/) as a database for gene correlations. Within the top six of the most highly correlated genes with NMT1, we found listed four loci encoding Arf-GTPases (ArfA1C, ArfA1E, ArfA1F, and ArfA1D) (see Supplemental Table 1 online). These Arf-GTPases share high homology, particularly at their N terminus (Table 1; see Supplemental Figure 4 online). The submission of their N-terminal sequence to the latest version of the online prediction tool TermiNator (http://www.isv.cnrs-gif.fr/terminator3), software that predicts several N-terminal modifications including MYR (Frottin et al., 2006; Martinez et al., 2008) , reveals that all these small Arf-GTPases can be MYRed as other small GTPases (Table 1 ). Since the reliability of TermiNator3 remains limited for MYR, we used a biochemical strategy (Traverso et al., 2013a ) to confirm the above predictions. Specifically, we employed peptide derivatives of the N-terminal sequence of the Arf-GTPases predicted to undergo MYR, and we assessed their MYR in vitro using purified wild-type NMT1 or NMT1A160T. For each peptide, we could determine each associated kinetic parameter (K m , k cat , and k cat /K m ), allowing us to compare the affinity and the efficiency of NMT1 and NMT1A160T. The data in Table 2 show that an N-terminal peptide derivate common to ArfA1A,D,F was efficiently MYRed in vitro by NMT1. By contrast, the mutant enzyme featured a twofold increase in the K m for the peptide compared with the wild type, which contributed to an observed 16-fold catalytic efficiency (k cat /K m ) reduction. In our analyses, we also included peptides corresponding to additional tested substrates of NMT1, for which the catalytic efficiency for MYR was extremely variable (Table 2) . We found that compared with the wild type, NMT1A160T had reduced affinity (increase of the K m value) for all tested peptides ( Table 2 ). As observed with peptide derivative from Arf-GTPases, we also established that, compared with wild-type NMT1, NMT1A160T had generally a strongly reduced activity (k cat /K m ); this was most noticeable for those peptides for which the k cat /K m was high with the wildtype enzyme compared with peptides with already low k cat /K m values (compared with RPS5-like peptide with a 47-fold reduction to TRXh7 peptide with a threefold reduction; Table 2 ). The differences observed between wild-type NMT1 and NMT1A160T were explored further by determining the kinetics parameters for the second substrate, myristoyl-CoA, for both mutant and wild-type enzymes (Table 2) . Indeed, the kinetic analysis of NMT1A160T revealed a 22-fold diminished K m value and 54-fold decrease of the k cat /K m value for myristoyl-CoA, which strongly contributed to the reduced productive catalysis of the mutant.
Using three-dimensional structure data available from NMT from yeast (Saccharomyces cerevisiae NMT) and humans (Homo sapiens NMT1) obtained in complex with various ligands (Farazi et al., 2001b) , we built a model of Arabidopsis NMT1 in complex with myristoyl-CoA (see Supplemental Figure 5 online). The final model indicates that residue Ala-160 plays a key role at the interface between three antiparallel b-strands through a network of hydrophobic interactions between Val-150, (the homolog of Val-174 in Sc NMT) is very close to the myristoyl-CoA moiety (shown in orange in Supplemental Figure 5 online). When Ala-160 is substituted into Thr, the hydrophilic nature of the hydroxyl group most likely induces a major modification of the aforementioned hydrophobic network, explaining the weaker affinity of the mutant enzyme for myristoyl-CoA and consequently of its lower catalytic efficiency compared with the wild type.
Immunoblot analyses of proteins extracted from the wild type and STINGY revealed a reduced amount of NMT1 in the mutant (24% versus 100% in the wild type; see Supplemental Figure 6 online). This suggests that the A160T substitution in NMT1 causes decreased stability of the protein and/or translation efficiency of the corresponding mRNA ( Figure 5C ). Together with the observed reduced in vitro activity of NMT1A160T, these data indicate partial loss of function, essentially due to reduced affinity of the enzyme for its substrates.
In Vivo Comparative Analyses Reveal No Massive Changes in the Proteome and Myristoylome of STINGY
Since no obvious changes in the distribution of fluorescent protein fusions of NMT1 or NMT1A160T were observed (see Supplemental Figure 7 online), we expected that the whole myristoylome in the STINGY background would be affected rather than only MYRed proteins residing at the Golgi. Thus, since the primary function of MYR is to allow proteins to anchor to a membrane compartment, we expected to recover an increased amount of proteins belonging to the Arabidopsis myristoylome in the soluble fraction of NMT1A160T. However, proteomic analyses of soluble protein extracts from STINGY leaves versus the SEC-RFP control did not reveal any massive differences in relative protein accumulation, even when focused only on the potential MYRed pool (see Supplemental Figure 8 and Supplemental Data Set 1 online).
Since Myred proteins are enriched in the plasma membrane (PM) (Marmagne et al., 2007) and we have shown an impairment in traffic with partial ER retention of Golgi and tonoplast marker proteins in the STINGY mutant (Figure 3 ), we then hypothesized that reduced activity of NMT1A160T could affect the composition of the STINGY mutant PM proteome. Thus, we performed a deep proteomic analysis of PM-enriched fractions of STINGY mutant versus the SEC-RFP control. This analysis yielded the identification of more than 4000 proteins in both SEC-RFP and the STINGY mutant (see Methods), with PM-localized proteins being most abundant and known plastid-or mitochondrialocalized proteins being two orders of magnitude less abundant than the PM set (annotations of cellular subproteomes were obtained from The Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org/) and Plant Proteomics databases (http://ppdb.tc.cornell.edu/dbsearch/subproteome.aspx) (Sun et al., 2009 ). In addition, a lower number of proteins annotated as ER/Golgi (;100) were also retrieved. The relative quantification of the identified proteins showed no major changes between SEC-RFP and STINGY PM-enriched fractions (see Supplemental Figure 9A and Supplemental Data Set 2 online), as in the case of the proteomic analysis of the total protein fractions (see above), suggesting the absence of any massive PM proteome mistargeting induced by the mutation of NMT1. (Traverso et al., 2013a) . b N-terminal octapeptides (from amino acids 2 to 9) were derived from Arabidopsis proteins for which MYR was previously predicted and/or reported (Traverso et al., 2013a (Traverso et al., , 2013b . The k cat /K m value reflects the catalytic efficiency of each peptide to be MYRed by the NMT enzyme. Prediction was achieved using the TermiNator predictor (v3; http://www.isv.cnrs-gif.fr/terminator3/index.html) (Meinnel et al., 2005; Martinez et al., 2008) .
Nonetheless, a few interesting alterations affecting a small number of proteins could be detected, and most of them were previously shown to be associated with the inhibition of ERto-Golgi transport. In this context, a subset of ER proteins, supporting the crucial roles of the ER in the biosynthesis and transport of proteins and lipids and in calcium regulation, showed a downregulation in the STINGY mutant (see Supplemental Data Set 2 online). Particularly, a reduction in the STINGY mutant was observed in a small set of proteins (n = 13) implicated in long-chain fatty acid synthesis (see Supplemental Data Set 2 online). Interestingly, the majority of this set of proteins present in our PM-enriched fraction were previously identified at the ER/Golgi membrane, and three of them (LACS8, LACS1, and LACS9) are predicted by plant ARANET functional interaction network (http://www.functionalnet.org/aranet/) to be functionally associate with NMT1. Finally, a strong downregulation in the STINGY mutant was observed for the Sec23/ Sec24 protein transport family (AT4G14160.1 and AT1G05520.1) with a SEC-RFP/STINGY ratio >7. Taken together, this reduced accumulation of ER/Golgi proteins supports the notion that the effect of the mutation on NMT1 in the STINGY background might mostly center at the level of the ER/Golgi compartment in agreement with the observed subcellular phenotype. Within the analyzed PM-enriched fractions of SEC-RFP and STINGY, we identified 457 proteins starting with an N-terminal Gly and within those we were able to distinguish 135 proteins belonging to the Arabidopsis myristoylome (see Supplemental Data Set 2 online). This is the largest number of Myred proteins identified so far. The relative protein accumulation ratio between SEC-RFP and STINGY remained below a threefold change for the majority of proteins with an N-terminal Gly, even when considering only the Myred pool (90%; see Supplemental Figure  9B online). Indeed, a reduction in protein accumulation was observed only for few abundant proteins in the membrane fraction of the STINGY mutant [;15 proteins, S(precursor area) > 1.10 08 ]. Among the identified MYRed proteins, PHOS-PHATIDYLSERINE DECARBOXYLASE3 (PSD3), located in the endomembrane system (Nerlich et al., 2007) , was the most affected. PSDs have been previously shown in yeast and animals to be involved in the formation of phosphatidylethanolamine from phosphatidylserine and to be part of a recognition and transport macromolecular complex committed in the mechanisms that facilitate the transport of this anionic lipid between membranes (Wu and Voelker, 2004; Schuiki et al., 2010) . Differently to animals and yeast, it has been shown that Arabidopsis PSD3 does not contribute to the synthesis of phosphatidylethanolamine and that the knockout mutant for psd3 is indistinguishable from the wild type (Nerlich et al., 2007) . Thus, the reduced accumulation of PSD3 cannot be considered the primary responsibility of the STINGY phenotype, but barely a consequence. Finally, downregulation was also observed for a few PM MYRed CDPK-related kinases and plant defense response proteins (see Supplemental Data Set 2 online), suggesting that the STINGY mutant might differently react to abiotic and/or biotic stress compared with the wild type. This hypothesis is in agreement with the observed high sensitivity of the STINGY mutant under salt stress conditions (see Supplemental Figure 3 online) and previous reports showing the mutants of these CDPK salt-responsive phenotypes (Wan et al., 2007; Zhu et al., 2007; Mehlmer et al., 2010; Wurzinger et al., 2011) . Although the reduced activity of NMT1 in the STINGY mutant can influence the accumulation at the PM of the above proteins, once more none of them can be considered the major cause of the alteration of Golgi traffic and integrity. Indeed, alteration of these plant defense response proteins or CDPK-related proteins has never been associated with any defects in the ER-Golgi system. Taken together, our proteomic analyses suggest that the reduced activity of NMT1A160T is unlikely to induce pleiotropic effects on the majority of proteins, including those belong to the Arabidopsis myristoylome. Rather, our data strongly suggest that MYR of one or only a few ER/Golgi NMT1 substrates is critical for efficient ER/Golgi traffic.
The NMT1A160T Mutation Reduces the Association of Arfs onto the Golgi
Interestingly, myristoylatable Arf proteins, which play important roles in secretion and endocytosis, have been suggested, indirectly, to be linked to the primary NMT targets responsible for NMT-altered phenotypes in unicellular organisms, including endocytic defects, which are observed in NMT knockdown mutants in fungi and trypanosomes (Shaw et al., 2002; Lee et al., 2008; Shaw, 2008a, 2008b; Price et al., 2010) . Based on these data, we tested the sensitivity of STINGY, compared with the wild type, to brefeldin A (BFA), a fungal metabolite that specifically affects Arf-GEFs (for guanine exchange factors) responsible for Arf activation and causes redistribution of Golgi proteins in the ER (Robineau et al., 2000; Saint-Jore et al., 2002; Robinson et al., 2008) . We analyzed the distribution of ST-GFP, a specific Golgi marker (Boevink et al., 1998) , in nonmutagenized and STINGY backgrounds. We found that in nonmutagenized Col-0/ST-GFP cells, treatment with BFA led to clumping of Golgi stacks within 10 min of treatment, followed by the appearance of some ST-GFP fluorescence in the ER by 15 min (Figure 6 ). In contrast with the control, BFA treatment of STINGY caused complete distribution of ST-GFP into the ER within 15 min ( Figure 6 ). Our results indicate that the defects in ER-Golgi traffic in STINGY strongly depend on Arf-GTPases.
Partitioning between the endomembrane compartment and the cytosol correlates with the catalytic efficiency of the N-myristoyltransferase (i.e., low NMT catalytic efficiency induces an increase in the soluble fraction of the MYRed protein substrate) (Traverso et al., 2013b) . Therefore, we wondered whether, owing to the reduced in vitro myristoylase activity of NMT1A160T (Table 2) , we would observe an effect of the STINGY mutation on the distribution and membrane binding of Arf-GTPases. We stably transformed Col-0 and STINGY with one of the highly correlated Arf proteins (see Supplemental  Table 1 online). Due to the strong degree of similarity of the protein sequences at the amino acid level (see Supplemental Figure 4 online; Table 1), we used ArfA1F fused to YFP. Confocal microscopy analyses of the distribution of ArfA1F-YFP in tobacco (Nicotiana tabacum) epidermal cells showed that ArfA1F was localized mainly to punctate structures of heterogeneous size (see Supplemental Figure 10 online). The largest ones represent Golgi stacks, as demonstrated by colocalization analyses with the Golgi marker ERD2-GFP (see Supplemental Figure 10 online) (daSilva et al., 2004; Renna et al., 2005; Hanton et al., 2007) ; the smaller ones are most likely trans-Golgi network, as shown for other Arf-GTPases in Arabidopsis (Robinson et al., 2011) . In the Col-0 and STINGY background, ArfA1F-YFP was associated with punctate structures ( Figure 7A ). However, ArfA1F-YFP distribution appeared largely cytosolic in STINGY compared with the nonmutagenized background ( Figure 7A ), as also shown by the measurement of the ratio of fluorescence intensity at the Golgi and into the cytosol (Hanton et al., 2009 ) ( Figure 7B ). The larger amount of ArfA1F-YFP in the cytosol of STINGY compared with that of the wild type was further confirmed by immunoblot analyses on Col-0 and STINGY expressing ArfA1F-YFP ( Figure 7C ). In the soluble fraction, we verified the occurrence of a smaller band most likely due to partial protein degradation ( Figure 7C ). The presence of such a band in wild-type and mutant backgrounds argues that the larger distribution of ArfA1F-YFP in the STINGY cytosol ( Figures  7A and 7B ) is mainly linked to mistargeting of ArfA1F-YFP rather than exclusive visualization of degradation products. Together, these data indicated that the STINGY mutation affected the subcellular distribution of ArfA1F and correlated to low catalytic efficiency of the mutated NMT1. Because the Golgi markers were partially distributed in the ER in STINGY ( Figures 3A  and 3B ), we reasoned that it could not be excluded that the distribution of ArfA1F-YFP was linked to an incapacity of NMT1A160T to myristoylate the entire set of ArfGTPases. Therefore, we sought additional evidence in support of a role of NMT1 in myristoylation of Arf proteins, and we performed FRAP on ArfA1F-YFP at Golgi stacks. This would allow measuring the time necessary for ArfA1F-YFP to recover on target membranes upon bleaching; it would also allow investigating protein mobility as well as exchange between cytosolic and membrane-bound Arf proteins in the mutant background compared with the wild type. Although ArfA1F-YFP fluorescence recovered in both backgrounds, we found that the half-time recovery of ArfA1F-YFP was longer in STINGY/ArfA1F-YFP compared with Col-0/ ArfA1F-YFP ( Figures 7D to 7F) . Moreover, we established that the percentage of available Arf protein to bind membranes (mobile fraction) was slightly but significantly reduced in the mutant background compared with the wild type ( Figures 7D,  7E , and 7G). These data indicate that, compared with the wild type, a portion of ArfA1F is not efficiently recruited onto membranes in the STINGY background. This is in agreement with a small proportion of ArfA1F to be not myristoylated as a result of too low MYR catalytic efficiency. An additional confirmation of these results was provided by HMA treatment, which induced cytosolic redistribution of ArfA1F-YFP compared with untreated plants (see Supplemental Figure 11A online). This is consistent with the cytosolic distribution of a YFP fusion of ArfA1F bearing an Ala substitution on the Gly that is normally myristoylated [ArfA1F(G2A)-YFP] (see Supplemental Figure 11A online). Furthermore, the ArfA1F(G2A)-YFP mutant does not act as a dominant negative, since transient expression of this construct in tobacco had no effect on Golgi distribution and number (see Supplemental Figure 12 online). Overall, our results indicate that the defects in myristoylation of Arf-GTPases largely contribute to the defects in ER-Golgi traffic in STINGY. Confocal optical sections of Arabidopsis cotyledons from SEC-RFP (control) and STINGY plants expressing the Golgi marker ST-GFP subjected to a time-course BFA treatment. Left column shows a BFA time course for Col-0/SEC-RFP/ST-GFP. In this background, Golgi clumping occurs within 10 min (arrowheads) and protein redistribution within 15 min of treatment (arrows). Right column shows a BFA time course for STINGY/ST-GFP. In the mutant, Golgi clumping occurs within 5 min (arrowheads). By 10 min, the fluorescence associated with the Golgi bodies has largely diminished, and by 15 min, the ER appears enlarged, most likely due to the accumulation of ER and GA proteins consequent to BFA-induced ER export disruption (arrows). Note that for clarity, only the GFP fluorescence is shown. Bar = 5 mm.
DISCUSSION
NMTs have been extensively characterized both biochemically and genetically in many unicellular organisms and a few multicellular organisms, including humans and higher plants. So far, much less is known about the relative roles and contributions of each of their many targets in development. It has been proposed that the Arabidopsis NMTs have nonoverlapping roles during growth and development, as supported by the evidence that loss of NMT1 causes death in late embryogenesis (Pierre et al., 2007) . To date, only the SNF1-related kinase complex (SnRK1) has been identified as the primary target of MYR NMT1 in embryogenesis (Pierre et al., 2007) , but the targets of the deleterious effect observed at later stages of development have not been identified. It is unknown whether SnRK1 still corresponds to the NMT1 target responsible for later developmental defects associated with the reduced expression of NMT1. NMT2 function is not essential, and a knockout of its gene causes only a modest reduction in flowering time (Pierre et al., 2007) . This is unlike NMT1 knockdown, which induces clear and strong alterations of various organs and functions, including global growth, flowering, fruit maturation, as well as increased sensitivity to pathogens (Pierre et al., 2007) . Here, we report on STINGY, a partial loss-of-function of NMT1 identified through a confocal microscopy-based screen for endomembrane traffic defects, which is viable and allowed pursuing further research on the roles of NMT1 in vivo in post embryonic stages of development. We demonstrated that STINGY is linked to a nucleotide change leading to an Ala-Thr transition in the putative catalytic site of NMT1. This, in turn, causes a reduction of affinity and catalytic activity of NMT1 on substrate peptides including myristoyl-CoA. We showed that STINGY has defects in Golgi traffic and Golgi movement and has a reduced abundance of Golgi stacks as well as that a lack of functional NMT1 causes defects in the association of Arf proteins to Golgi stacks. These data provide important insight into the biology of NMT1 by supporting experimentally the nonredundant involvement of NMT1 in the plant secretory pathway at least in postembryonic developmental stages, most likely through an alteration of the N terminus of Arf proteins, which are critical membrane traffic regulators.
Subcellular Characterization of a Viable Partial Loss-of-Function Allele of NMT1 Demonstrates the Involvement of NMT1 in the Plant Secretory Pathway
The high sensitivity to the NMT inhibitor HMA and the biochemical data showing that NMT1A160T has reduced affinity and activity on substrate peptides imply that STINGY is a partial loss-of-function allele of NMT1. Our live-cell imaging studies were conducted in epidermal cells of 10-d-old cotyledons. At this stage, cotyledon epidermal cells have ceased to grow (Zhang et al., 2011) . Given that NMT1 is an essential gene both in late embryogenesis and later throughout organ development and plant growth (Pierre et al., 2007) , the absence of obvious phenotypes in the vegetative tissues of STINGY indicates that STINGY is a weak allele of NMT1 that does not compromise growth. This is in agreement with our whole proteomics analysis in which no massive global differences were observed when comparing the general pattern of abundant proteins or when restricting the analysis to identify predicted MYRed proteins of NMT1A160T seedlings compared with the wild type.
Our plant phenotypic analyses revealed that partial loss of NMT1 causes flowering delay as well as salt sensitivity. Although we have not explored whether these phenotypes are linked to loss of activity of Arf proteins on membranes, flowering delay is in accordance with previous results that a low level of NMT1 impairs flower differentiation (Pierre et al., 2007) . Furthermore, considering our proteomics analysis revealing as a consequence of the reduced activity of NMT1 a downaccumulation at the PM of several salt-sensitive CDPK proteins (Wan et al., 2007; Zhu et al., 2007; Mehlmer et al., 2010; Wurzinger et al., 2011) , we speculated and confirmed that STINGY is hypersensitive to salt.
Our characterization of STINGY has established that NMT1 does not have redundant functions in the secretory pathway of seedlings in the postembryonic stages, as demonstrated by the evidence that secretory defects in STINGY are not compensated for by other proteins. Although in this study we did not examine the effects of the STINGY mutations during embryo development, we cannot exclude that NMT1 also has a role in endomembrane traffic during the early stages of plant development.
We showed that at a subcellular level STINGY partially accumulated apoplastic (SEC-RFP), Golgi (G-YK) and tonoplast (VAC-YFP) markers in the ER. Because post-Golgi markers (tonoplast and apoplast) were not detected in intermediate postGolgi compartments to the vacuole and cell wall, it is possible that NMT1 has a primary role in ER-Golgi and Golgi protein traffic rather than post-Golgi traffic. However, in our work, we have not analyzed post-Golgi protein traffic organelles, such as the trans-Golgi network. Because our work supports that Arf proteins, which are localized in post-Golgi compartments (Robinson et al., 2011) , are targets of NMT1, we cannot exclude the possibility that defects in NMT1 also affect later membrane traffic steps.
The Molecular Phenotype of STINGY, Which Causes Reduced Affinity for Myristoyl-CoA, Is Reminiscent of Most NMT Mutants Characterized in Unicellular Organisms
We report here that the NMT substitution in the STINGY background induces (1) a major increase (55-fold) of the K m value for myristoyl-CoA and (2) varying but substantial decreases of the K m values for model protein substrates, including Arfs (20-fold). This in vitro analysis led us to suggest that partial MYR of a number of proteins occurs in vivo in the STINGY background and that the function of the most essential MYRed targets is only partially assured as a result. Nevertheless, our proteomic investigation of the STINGY mutant supports that pleiotropic effects are unlikely to occur subsequent to the in vivo decrease of NMT1A160T activity on the whole myristoylome, suggesting that a general decrease of MYR is not the limiting factor in the mutant. Rather, our data reveal that Arf MYR mediated by NMT1 is critical for efficient ER/Golgi traffic.
Although the NMT gene was similarly described to be essential in the yeast S. cerevisiae (Duronio et al., 1989) , single substitutions of Gly-451 and -412 (both residues lying next to the catalytic site) were already reported to induce a severe decrease of its affinity for myristoyl-CoA (Duronio et al., 1991) . This causes a critical reduction of NMT catalysis and induces temperature-sensitive myristic acid auxotrophy in yeast (Duronio et al., 1990) . Expression of human NMT1 in S. cerevisiae exhibiting a substitution of the structurally homologous residues of Gly-451 (Gly-412) revealed the same phenotype (Duronio et al., 1992) . Finally, an identical substitution (Gly447Asp) in the pathogenic yeast Cryptococcus neoformans caused the same phenotype (Lodge et al., 1997) . Interestingly, it was revealed that this effect induced a significant decrease in the MYR state of Arf proteins. In the filamentous fungus Aspergillus nidulans, a single mutation of the NMT gene (Asp369Tyr, swoF mutant) causes aberrant cell polarity (Shaw et al., 2002) . Partial restoration of temperature sensitivity was also observed upon the addition of myristate, indicating that this mutant is likely related to the above yeast and human NMT mutants. In this latter case, it was hypothesized that an unknown target required for polar growth needed to be MYRed to be properly localized and fully active. A link between the swoF mutant and increased activity of the 26S proteasome was identified, suggesting that MYR attenuates proteasome activity in the wild type (Lee and Shaw, 2007) . Several hypotheses were proposed to explain this link, but no possible molecular mechanisms could be identified. More recently, it was demonstrated that overexpression of A. nidulans ArfA, a myristoylatable Arf family protein localized to Golgiequivalent bodies, partially suppresses the swoF phenotype (Lee and Shaw, 2008b) . Together with the findings that another A. nidulans miristoylatable Arf family protein, ArfB, plays important roles in polarity establishment and maintenance, it was hypothesized that hyphal polarity in A. nidulans is linked to the MYR of Arf proteins and their proper localization (Lee et al., 2008; Shaw, 2008a, 2008b) . Finally, recent work has shown that RNA interference knockdown of NMT in bloodstream forms of Trypanosoma brucei results in a defect in endocytic uptake (Price et al., 2010) . Nonetheless, it is yet to be demonstrated whether the two MYRed proteins, Tb ARL1 and Tb ARF1, which have been proposed to be the NMT targets, are indeed responsible for the above phenotype (Price et al., 2005b) . Therefore, there is clear evidence that MYR defects cause a deficiency of MYR of Arf-GTPases in various unicellular organisms. So far, however, no direct NMT1 target(s) has been identified as responsible per se for the aforementioned phenotypes in higher eukaryotes. Here, we show (1) the direct link between NMT1 and Arfs, (2) that the situation is similar in multicellular organisms, including plants at late developmental stages, and (3) that reduced MYR linked to abnormal NMT1 activity causes a number of defects in endomembrane traffic.
On the Role of NMT1 on Arf-GTPases
Efficient membrane traffic within the secretory pathway depends on the activity of Arfs, a subfamily of the Ras superfamily of GTP binding proteins that serve as molecular switches for the recruitment and release of coat proteins and tethering factors on target membranes of secretory organelles (Donaldson and Jackson, 2011) . Arfs cycle between an inactive state (GDP bound) and active state (GTP bound); Arf-GEFs and GTPase activating proteins (Arf-GAPs) are responsible for the activation and inactivation of the Arf-GTPases, respectively (Cox et al., 2004; Randazzo and Hirsch, 2004; Anders and Jürgens, 2008) . The Arabidopsis genome encodes a large number of Arf-GEFs and Arf-GAPs, and the identity and function of several of these proteins is being unraveled (Geldner et al., 2003; Koizumi et al., 2005; Richter et al., 2007; Tanaka et al., 2009; Stefano et al., 2010; Richter et al., 2011) . Our current knowledge of Arf-GEFs and Arf-GAPs in Arabidopsis indicates not only a wide functional diversity but also substrate specificity of these proteins. Nonetheless, not much is known about the mechanisms that precede the recruitment of Arf-GTPases on membranes. In the inactive state, Arf-GTPases are cytosolic and reversibly associate with the membrane surface. The tight association of the active form of the Arf-GTPases depends on an MYRed a-helical extension from the basic G-protein fold, which is a unique structural feature among Ras family proteins (Antonny et al., 1997) . In our study, we show that diminished NMT1 activity in vivo causes a reduced affinity of the protein for peptide substrates, which in turn induces an alteration of distribution between membrane and cytosol of Arf-GTPases. Although we analyzed the partition of one member of the Arf-GTPase family, we cannot exclude that secretory defects observed in STINGY are linked also to a lack of efficient myristoylation of Arfs proteins, including Arflike proteins that are known to be localized on the plant Golgi (Latijnhouwers et al., 2005b; Stefano et al., 2006) and that are known to be myristoylated in nonplant species (Price et al., 2005b; Sahin et al., 2008) . Furthermore, the combined evidence for an HMA-induced ArfA1F-YFP partial distribution in the cytosol as well as complete cytosolic distribution of an ArfA1F deficient in myristoylation due to a G2A mutation further supports our data that myristoylation, rather than other protein modifications and/or targeting domains, has an important role for the membrane binding of Arf. 
Defects in NMT1 Lead to a Reduction in the Number of Golgi Stacks and Golgi Velocity
The observation that the number of Golgi stacks is reduced in STINGY compared with nonmutagenized controls supports that NMT1 has a role in Golgi biogenesis. It has been demonstrated that the plant Golgi is a highly dynamic organelle whose membranes and peripheral constituents are continuously remodeled through a cyclic exchange of membrane and peripheral components to and from the ER or the cytosol, respectively Matheson et al., 2007; Schoberer et al., 2010) . It has also been shown that in conditions of increased cellular availability of Golgi membrane cargo, the ER domains involved in ER export to the Golgi (ER exit sites) increase in number compared with nonstimulated cells in plant cells . Because ER exit sites and Golgi are associated in plant cells, it has been speculated that in conditions of increased Golgi membrane cargo, plant cells may also increase the number of Golgi stacks . The reduction in Golgi number in STINGY could be linked to reduced ER protein export consequent to collapse of the COPI route that is regulated by Arf-GTPases, which function depends on proper membrane localization. Indeed, if these proteins cannot be efficiently MYRed in the absence of a fully functional NMT1, our data would imply that defects in the early secretory pathway of mutants with altered functions of traffic regulators not only cause partial accumulation of post-ER cargo in the ER but also a reduction in the number of Golgi stacks.
A unique characteristic of the plant Golgi is that it is highly motile on the underlying ER (Boevink et al., 1998) . We found that in STINGY, the velocity of the Golgi stack was significantly reduced in comparison to nonmutagenized controls. It has been proposed that the ER and Golgi are physically attached, as demonstrated by laser trapping experiments showing that displacement of individual Golgi stacks was followed by rapid growth of the attached ER tubule and that the Golgi that were manipulated to be detached from the ER could be redocked to the ER (Sparkes et al., 2009) . It has been proposed that a matrix surrounding the Golgi may be responsible for the ER-Golgi attachment (Sparkes et al., 2009) . Although this hypothesis is yet to be experimentally validated, elements of the Golgi matrix have been identified (Latijnhouwers et al., 2005a (Latijnhouwers et al., , 2005b Stefano et al., 2006; Matheson et al., 2007) , and it has been shown that Arf proteins have a role in recruiting such elements onto the Golgi . Therefore, it is not unreasonable to hypothesize that defects in Arf recruitment onto the Golgi due to partial loss of function of NMT1 may cause a reduction of MYRed Arf proteins in the Golgi pool of matrix elements responsible for an ER/Golgi attachment. This, in turn, would cause an ineffective anchorage of the Golgi stacks to the ER and a reduction in Golgi velocity.
METHODS
Molecular Cloning
Untagged wild-type and mutant NMT1 constructs were amplified from cDNA of wild-type Col-0 and STINGY, respectively, followed by subcloning for 35S-driven expression between the AscI and XbaI restriction sites in the multiple cloning site of a pFGC5941 binary vector (McGinnis et al., 2005) , which was modified to remove the CHSA intron present in the multiple cloning site. The cDNAs were also subcloned into the binary vector pEARLY-Gate 104 to generate YFP fusions at the N terminus of cDNAs. ArfA1F and ArfA1F(G2A) were amplified from cDNA and subcloned into the binary vector pEARLY-GATE 101 to generate a YFP fusion at the C terminus of the cDNAs (oligonucleotides used for the abovedescribed constructs are listed in Supplemental Table 2 online). Constructs were confirmed by sequencing. The available pET16b-NMT1 was employed for protein overexpression purposes . Generation of the A160T mutant was achieved by site-directed mutagenesis of pET16b-NMT1 using the QuikChange II site-directed mutagenesis kit (Stratagene). Two oligonucleotides (59-CTTCGAA-GAAACTCGTTACTTTCATCAGCGGCGTG-39; 59-CACGCCGCTGATGA-AAGTAACGAGTTTCTTCGAAG-39) were designed using the QuikChange PrimerDesign software (www.stratagene.com/sdmdesigner) and obtained by custom oligonucleotide synthesis (Invitrogen). PCR amplification was performed following the manufacturer's standard procedure (one cycle of denaturation at 95°C for 30 s; 16 cycles of denaturation at 95°C for 30 s followed by annealing at 55°C for 30 s and final elongation at 68°C for 6 min 30 s). At completion, 10 units of DpnI enzyme were added and the reaction was incubated at 37°C for 1 h. XL-1Blue Supercompetent cells (Stratagene) were transformed using 5 mL of the reaction solution. Plasmids carrying the desired mutation were selected by plating cells on Luria-Bertani-agar plates containing 100 µg/mL ampicillin. Plasmids from different clones were extracted (QIAprep Spin Miniprep kit; Qiagen), and their DNA sequence was verified by sequencing the gene on both strands (GATC Biotech). The confirmed pET16b-NMT1A160T plasmid was used to transform Rosetta2 (DE3)-competent cells (Novagen) to perform protein expression.
RNA Extraction and PCR Analysis
RNA was extracted using the RNeasy plant mini kit (Qiagen). Reverse transcription was performed using the Superscript III first-strand synthesis kit (Invitrogen). PCR experiments were performed using 0.2 mM deoxynucleotide triphosphates, 0.2 mM primers, and 1 unit of Taq polymerase (Promega).
Plant Material and Growth Conditions
Wild-type tobacco (Nicotiana tabacum cv Petit Havana) plants and wildtype plants of the Arabidopsis thaliana Col-0 and Ler ecotypes as well as EMS-mutagenized Col-0 plants expressing SEC-RFP were used in this study. Seedlings were grown at 21°C (Arabidopsis) or 25°C (tobacco) under a 16-h-light/8-h-dark regime. Salt sensitivity assays were performed on Col-0/SEC-RFP, STINGY, and STINGY/NMT1 stable lines in media containing 50, 100, and 150 mM NaCl through measurements of fresh weight of whole seedlings as well root growth measurements. The latter were performed on seedlings germinated for 4 d on half-strength Murashige and Skoog (MS) vertical plates, followed by transfer of the seedlings to half-strength MS vertical plates with various NaCl concentrations and subsequent 180°rotation. Root measurements were acquired from the edge of the root turning point upon an additional 7 d of growth (Wu et al., 1996) .
Plant Crosses and Transformation
For analyses of the distribution of the various fluorescence markers of the endomembranes in Arabidopsis, homozygous transgenic Arabidopsis Col-0 lines stably expressing the various markers were used for crossing with STINGY (Col-0). For the confocal microscopy analyses, segregating F2 mutants with the STINGY phenotype were used.
Complementation of STINGY with wild-type and mutated NMT1 was achieved by stable transformation through the floral dip method (Clough and Bent, 1998) followed by antibiotic selection on half-strength MS agar plates. For transient expression in tobacco, we used 4-week-old N. tabacum (cv Petit Havana) plants and Agrobacterium tumefaciens (strain GV3101; OD 600 = 0.05), according to an established protocol (Batoko et al., 2000) .
Isolation of STINGY
A homozygous Arabidopsis Col-0/SEC-RFP transgenic line was used for EMS mutagenesis. M1 SEC-RFP seeds were soaked for 16 h in 0.25% (v/v) methanesulfonic acid ethyl ester (Sigma-Aldrich) and then washed for 11 h in running water. The M1 seeds were grown after selffertilization, and the M2 seeds were collected from individual M1 plants to generate M2 lines (303 independent lines). Sixty seedlings from each SEC-RFP M2 line were screened using a confocal microscope to identify mutants with an abnormal distribution of the SEC-RFP marker compared with the wild-type control. STINGY was backcrossed three times. To generate a mapping population, STINGY was crossed with Ler. For mapping procedures, a 0.60-mm-diameter leaf disc was collected from each of 80 F2 individuals bearing the abnormal phenotype and 80 F2 individuals showing a wild-type phenotype using a hole punch. The leaf discs were grouped in clusters of five and processed for genomic DNA extraction. The genomic DNA was then quantified (Borevitz, 2006) and prepared for GeneChip Arabidopsis ATH1 hybridization for rough mapping, as described earlier (Stefano et al., 2012a) . Identification of the single nucleotide polymorphisms in the rough-mapped region was achieved by Next Generation genome sequencing, as described previously (Marti et al., 2010) , using an Illumina Genome Analyzer II (Bentley et al., 2008) .
Confocal Laser Scanning Microscopy
Confocal analyses were performed using an inverted laser scanner confocal microscope (LSM510 META; Zeiss) on 10-d-old cotyledon epidermal cells (Arabidopsis) or the lower epidermis of leaves (tobacco). The fluorescent proteins used in this study were GFP5 (Haseloff et al., 1997) , enhanced YFP (Clontech), and mRFP (Campbell et al., 2002) . Imaging of markers was achieved as previously described Hanton et al., 2007; Faso et al., 2009b) . The results presented in this work are representative of at least five independent experiments.
For FRAP experiments, fluorochrome photobleaching was performed on Golgi stacks (n = 30) in cells treated with 25 µM latrunculin B (Calbiochem; stock solution 10 mM in DMSO to disrupt Golgi movement . Mobile fraction and half-time recovery analyses were performed as described by Brandizzi et al. (2002) . Student`s twotailed t test was used for statistical analysis, assuming equal variance and data with P value < 0.05 were considered significant.
To estimate the number of Golgi, we counted the number of Golgi stacks highlighted by ST-GFP within regions (n of regions = 3 in each cell; n of cells = 25; n of independent seedlings = 5; total number of regions = 75) of identical area (30 µm 3 30 µm) at the cortex of cotyledon epidermal cells.
To analyze the velocity of the Golgi stacks, a protocol described earlier was followed (Stefano et al., 2012b) . Briefly, 50 time-lapse sequences with 50 frames for each sequence in the cortical region (3.0 to 5.0 mm depth) of cotyledon pavement cells were recorded. Time-lapse frames at a 512 3 512-pixel resolution were captured using a 2-mm pinhole at low laser power (i.e., 10% of an argon 488-nm laser line) to avoid photobleaching, and 3 digital zoom using an EC Plan-Neofluar 340/1.30 objective. Velocity was calculated in postacquisition using plug-ins available through Image J version 1.45k (http://rsbweb.nih.gov/) using the manual tracking plug-in, and data were confirmed using Image Pro-Plus 6 (Media Cybernetics). Velocity values were calculated by averaging the velocity of all the Golgi stacks in the 90 512 3 512 frames in each time-lapse sequence; then, mean values were calculated as the mean of the velocities estimated in the 50 time-lapse sequences. Maximal velocity values were estimated by averaging maximal data values of each time-lapse sequence for each sample. Over 3000 Golgi stacks in the STINGY mutant and the control were used.
HMA Treatment
HMA (Santa Cruz Biotechnology) was dissolved in DMSO. Five-day-old SEC-RFP seedlings were grown for 2 d on sterile filter paper soaked in MS growth medium containing either 1 mM HMA or DMSO.
BFA Time-Course Treatment
BFA treatment was performed by mounting cotyledons on microscope glass slides with 100 µg/mL BFA followed by immediate observation with the confocal microscope.
Cell Fractionation and Immunoblot
One-week-old seedlings grown on half-strength MS of Col-0/ArfA1F-YFP and STINGY/ArfA1F-YFP were harvested and homogenated at 4°C with a mortar and pestle in buffer (300 mM Suc, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 13 P9599 Protease inhibitors). The homogenate was filtered using Miracloth paper and then centrifuged at 5000g for 5 min at 4°C. To pellet the microsomal fraction, the supernatant was centrifuged for 1 h at 100,000g. The supernatant (soluble fraction) was concentrated using Amicon ultra-4 filter units up to 1 mL. The membrane fraction was solubilized using 1 mL of PBS buffer, 0.05% Triton, and 13 P9599 Protease inhibitors. To test whether Arf1AF-YFP distribution in the cytosol is larger in STINGY compared with the nonmutagenized control, the soluble fractions were normalized to the respective membrane fractions. To ensure that an equal membrane fraction was extracted, quantification was carried out using a Bio-Rad protein assay. Ponceau staining of the blotting membrane further confirmed equal loading of the soluble and membrane fractions. Samples were separated by SDS page, and the blotted nitrocellulose was incubated overnight with blocking solution (5% powdered milk, 13 PBS, 0.02% sodium azide, and 0.5% Tween20). The blotted membrane was incubated with a GFP antibody (1:3000 dilution) for 4 h. Immunoblot analyses and quantification of NMT and NMTA160T were performed using NMT1 antibodies as described (Pierre et al., 2007; Adam et al., 2011) .
Expression and Purification of NMT1 and NMT1A160T
Recombinant NMT1 and NMT1A160T carrying a 6-His tag in their N terminus were expressed and purified as previously described Pierre et al., 2007) . Purified NMTs (>90% pure as estimated by SDS-PAGE) were dialyzed against 20 mM sodium phosphate buffer, pH 7.3, 0.5 M NaCl, 10 mM 2-mercaptoethanol, and 55% glycerol and were stored at 220°C prior to use.
MYR Kinetic Assays
The kinetics of MYR catalyzed by NMT or NMT1A160T were monitored by a modification of the coupled assay described by , in which absorbance detection of NADH production was replaced by fluorescence detection (Traverso et al., 2013a) . The range of peptide concentrations for the determination of the kinetic parameters was 2.5 to 200 µM. Kinetic parameters were derived as described earlier .
Liquid Chromatography-Mass Spectrometry and Protein Identification and Quantification
Total soluble protein extracts from leaves of Arabidopsis SEC-RFP and STINGY were prepared as previously described (Espagne et al., 2007) . Forty-five micrograms of protein was run in a one-dimensional SDS-PAGE gel, and each lane was cut in four bands and analyzed by nano-liquid chromatography-tandem mass spectrometry using LTQOrbitrap-Velos after in-gel digestion (Shevchenko et al., 1996) . Quantification of each identified protein was based using a label-free Proteome Discoverer analysis (ThermoFinnegan). The PM-enriched fraction was purified as described previously (Marmagne et al., 2007) based on Dextran/polyethylene glycol membrane vesicles enrichment using microsomal fractions prepared from SEC-RFP and STINGY seedlings. Onehundred-and-fifty micrograms of purified protein fractions were separated on a one-dimensional SDS-PAGE gel, and each lane was cut into eight bands, which were analyzed as the soluble proteins. In both cases, EasynLC (Thermo Scientific) peptides were loaded on a guard column (Proxeon Easy column, i.d. 100 µm, C18-A1) followed by a separation on a Nikkyo Technos analytical column (NTCC-360/100-5-153) using 80-min gradients with 0.1% FA in water (solvent A) and 0.1% FA in ACAN (solvent B) at a flow rate of 300 nL/min. Each sample injection and analysis was followed by a blank injection to prevent carryover. The acquisition cycle consisted of a survey Fourier transform mass spectrometry scan at the highest resolving power (100,000) followed by top 20 data-dependent tandem mass spectrometry scans acquired in the LTQ with a dynamic exclusion set at 30 s.
All the spectral data were searched against TAIR (version 10) of the Arabidopsis annotated genome (http://www.arabidopsis.org/) using Mascot. The relative quantification of identified proteins was performed based on the integrated precursor area in mass spectrometry using Proteome Discoverer (Thermo Scientific v. 1.3) and combined with peptide identification results from Mascot (Matrix Science v2.3). For the soluble extract, the identification yielded 532 proteins. For PM-enriched fractions, the analysis yielded the identification of 5210 proteins in both SEC-RFP and the STINGY mutant. After removing ambiguous gene models (1000 accessions), the identified protein was represented by 4210 accessions. The proteins with a low number of spectral counts (<10 spectral counts) and/or low precursor area (<1.10 7 ) counts were considered to be of low confidence for quantifications and are indicated in gray (see Supplemental Table 2 online).
The PM set of annotations of cellular subproteomes was obtained from TAIR (http://www.arabidopsis.org/) and the Plant Proteomics database (http://ppdb.tc.cornell.edu/dbsearch/subproteome.aspx). In addition, a lower number of proteins annotated as ER/Golgi (;100) were also retrieved. To functionally assign proteins within cellular functions we used the MapManBin functional classification (Thimm et al., 2004) .
Homology Modeling and Structural Analyses
A three-dimensional model (residues 45 to 432) of Arabidopsis NMT1 was computed using available coordinates of Homo sapiens NMT1 (Hs NMT1; Protein Data Bank code 3IU1, chain B; 1.42-Å resolution) using SWISS-MODEL (Schwede et al., 2003; Arnold et al., 2006) . Both NMT1 and Hs NMT1 display 56% homology. The A160T substitution was next introduced in the Arabidopsis NMT1 sequence, and the model was refined using the wild-type protein structure. The model was next aligned with the various complexes available of the Saccharomyces cerevisiae NMT three-dimensional structure (Farazi et al., 2001b ) using magic and iterative fit functions (1IIC, chain A). The Sc NMT:myristoyl-CoA complex was selected as it revealed close vicinity between the myristoyl-CoA binding site lying in the N-terminal domain and the location of the substitution.
Accession Numbers
Sequence data for the genes used in this article can be found in TAIR under the following accession numbers: NMT1 (At5g57020), ArfA1F (At1g10630), and Ubiquitin 10 (At4g05320); other genes mentioned are LACS8 (AT2G04350.1), LACS1 (AT2G47240.1), LACS9 (AT1G77590.1), and PSD3 (AT4G25970).
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